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Summary
Background.  —  Accurate  evaluation  of  aortic  root  geometry  is  necessary  in  congenital  aortic
valve lesions  in  children,  to  guide  surgical  or  angiographical  intervention.
Aim. —  To  compare  aortic  annulus  diameters  measured  by  two-  and  three-dimensional  transtho-
racic echocardiography  (2D-  and  3D-TTE),  to  determine  the  feasibility  and  reproducibility  of  3D
imaging  and  assess  the  dynamic  changes  during  the  cardiac  cycle.
Methods.  —  Thirty  children  without  heart  disease  were  prospectively  included.  Two  orthogonal
aortic annulus  diameters  were  measured  ofﬂine  using  multiplanar  reconstruction  in  diastole
and in  systole  and  were  compared  with  the  measurement  of  the  aortic  annulus  diameter  by
2D-TTE.
Results. —  Mean  age  was  11  ±  3.6  years.  Feasibility  of  3D  imaging  was  100%.  The  coefﬁcients  of
intra- and  interobserver  variability  were  3.5%  and  6%,  respectively.  The  2D  mean  diameter  was
signiﬁcantly  smaller  than  the  3D  maximum  diameter  in  systole  (1.94  vs.  2.01  mm;  p  =  0.005).
Abbreviations: 2D, two-dimensional; 2D-TTE, two-dimensional transthoracic echocardiography; 3D, three-dimensional; 3D-TTE, three-
imensional transthoracic echocardiography; CI, conﬁdence interval; Dmax, maximum diameter; Dmin, minimum diameter; SD, standard
eviation.
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2D  and  3D  measurements  were  well  correlated  (p  <  0.0001).  The  maximum  and  minimum  diam-
eters in  3D  were  signiﬁcantly  different  both  in  systole  and  in  diastole  (p  <  0.001)  underlining  an
aortic annulus  eccentricity.  The  mean  aortic  annulus  diameters  were  not  signiﬁcantly  different
between systole  and  diastole,  with  important  individual  variability  during  the  cardiac  cycle.
Conclusion.  —  This  study  demonstrated  the  feasibility  and  reproducibility  of  3D-TTE  for  the
assessment of  the  aortic  annulus  diameter  in  a  normal  paediatric  population.  Because  of  an
underestimation  of  the  maximum  diameter  by  2D-TTE  and  the  asymmetry  of  the  aortic  annu-
lus, 3D  measurements  could  be  important  before  percutaneous  aortic  valvuloplasty  or  surgical
replacement.
© 2013  Published  by  Elsevier  Masson  SAS.
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Résumé
Contexte.  — L’évaluation  de  la  géométrie  de  la  racine  aortique  est  indispensable  avant  toute
chirurgie ou  cathétérisme  interventionnel  de  la  valve  aortique.
Objectif.  —  Le  but  de  l’étude  a  été  de  comparer  le  diamètre  aortique  par  échocardiogra-
phie transthoracique,  de  déterminer  la  faisabilité  and  la  reproductibilité  de  l’imagerie  3D  et
d’analyser  la  variation  au  cours  du  cycle  cardiaque.
Méthodes.  —  Trente  enfants  sans  cardiopathie  ont  été  étudiés  prospectivement.  L’anneau  aor-
tique a  été  mesuré  dans  deux  plans  orthogonaux  en  systole  et  diastole  en  utilisant  un  logiciel
multiplan  3D  et  comparé  au  diamètre  2D.
Résultats.  —  L’âge  médian  était  de  11  ±  3,6  ans.  La  faisabilité  de  l’écho  3D  était  de  100%.  Le
coefﬁcient  de  variabilité  intra-  et  interobservateur  était  de  3,5%  et  6%.  Le  diamètre  moyen  2D
était inférieur  au  diamètre  3D  en  systole  (1,94  vs  2,01  mm;  p  =  0,005).  Les  mesures  2D  et  3D
étaient bien  corrélées  (p  <  0,0001).  Les  diamètres  maximal  et  minimal  3D  de  l’anneau  aortique
étaient différents  de  fac¸on  signiﬁcative  en  systole  et  en  diastole  soulignant  l’excentricité  de
l’anneau  aortique  (p  <  0,001).  Le  diamètre  moyen  de  l’anneau  aortique  n’était  pas  différent
entre la  systole  et  la  diastole  avec  une  importante  variabilité  individuelle  au  cours  du  cycle
cardiaque.
Conclusion.  —  Cette  étude  montre  la  faisabilité  et  la  reproductibilité  de  l’écho  3D  dans  la
mesure de  l’anneau  aortique  chez  l’enfant.  Dans  la  mesure  où  l’écho  2D  sous-estime  le  diamètre
de l’anneau  aortique  à  cause  de  son  asymétrie,  l’écho  3D  peut  être  un  examen  important  avant
un geste  percutanée  ou  chirurgicale  de  la  valve  aortique.
© 2013  Publié  par  Elsevier  Masson  SAS.
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aBackground
Aortic  valvular  stenosis  is  a  relatively  common  congeni-
tal  heart  disease,  involving  about  6—7%  of  infants  born
with  congenital  heart  disease  [1].  Invasive  treatment,  by
either  surgical  or  percutaneous  procedures,  requires  an
accurate  assessment  of  the  aortic  root  geometry,  espe-
cially  of  the  aortic  annulus  diameter,  to  minimize  the
risk  of  complications,  such  as  aortic  regurgitation.  Previ-
ous  studies  performed  in  adults  with  severe  aortic  stenosis
suggested  an  underestimation  of  the  aortic  annulus  diame-
ter  with  two-dimensional  (2D)  echocardiography  compared
with  tomography  [2].  Only  a  few  studies  have  addressed
this  subject  in  a  paediatric  population  [3].  Real-time  three-
dimensional  echocardiography  (3D-TTE)  is  an  emergent
non-invasive  technique,  useful  in  the  evaluation  of  cardiac
chamber  volumes  and  mass,  and  left  ventricular  wall  motion
and  in  the  analysis  of  morphology  and  function  of  heart
valves  [4].  The  aim  of  our  study,  therefore,  was  to  investi-
gate  the  value  of  3D  echocardiography  by  comparing  2D-TTE
and  3D-TTE  measurements  of  the  aortic  annulus  diameter  in
children  without  any  cardiac  condition.
t
T
aethods
opulation
chocardiography  data  were  collected  prospectively.  Only
hildren  with  normal  cardiac  anatomy  and  function  assessed
y  physical  examination,  electrocardiography  and  standard
D  echocardiography  were  included  in  the  study;  real-
ime  3D-TTE  images  were  then  acquired.  Children  with
icuspid  aortic  valve  or  any  aortic  root  disease  were  not
elected.  Informed  verbal  consent  was  obtained  from  each
atient  and  legal  representatives  after  a  full  explana-
ion  of  the  procedure  had  been  given.  A  written  consent
orm  was  not  required  according  to  French  law,  given
hat  the  echocardiography  evaluation  was  part  of  the
egular  management  of  the  children  and  was  required
y  their  medical  condition.  The  study  protocol  was
pproved  by  the  National  Commission  for  Data  Processing
nd  Freedoms  (No.  1673449).  No  additional  examina-
ion  was  performed  for  the  sole  purpose  of  the  study.
hirty  patients  were  included  between  December  2011
nd  April  2012  in  the  echocardiography  laboratory  of  the
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Cigure 1. Aortic annulus diameter measured by two-dimensional
ransthoracic echocardiography in a zoomed parasternal long-axis
iew.
aediatric  Cardiology  Unit,  Children’s  Hospital,  Toulouse,
rance.
chocardiography and data analysis
eal-time  2D  and  3D-TTE  were  performed  using  a  com-
ercially  available  IE33  ultrasound  system  (Philips  Medical
ystems,  Andover,  MA,  USA).  X7-2,  X5-1  or  X3-1  matrix
robes  were  used,  depending  on  the  age  of  patient.  The
7-2  matrix  array  transducer  is  particularly  well  suited  to
D  echocardiography  in  small  children  [5].
The  examination  was  performed  with  the  child  in  a  decu-
itus  position.  Parameters  of  gain  and  compression  were
ptimized.  2D-TTE  images  were  acquired  in  parasternal
ong-axis  view  focused  on  the  aortic  annulus  area.  Aortic
nnulus  diameter  was  measured  in  a  single  plane  in  end-
iastole  and  mesosystole,  between  the  insertion  of  the  right
oronary  and  non-coronary  cusps,  using  a  zoom  mode  based
n  international  guidelines  [6]  (Fig.  1).  Real-time  3D-TTE
mages  were  acquired  in  parasternal  long-axis  view  using
real-time’  3D  mode  The  3D  loop  was  turned  90◦ to  obtain  a
iew  of  the  aortic  annulus  from  the  left  ventricle,  to  check
hat  the  3D  dataset  encompassed  the  whole  aortic  annulus.
he  3D  dataset  was  stored  in  a  DICOM  format  and  transferred
o  a  separate  workstation  for  off-line  data  analysis.  Off-line
ata  analysis  was  performed  using  QLab  9  software  (Philips
edical  Systems,  Andover,  MA,  USA).
ff-line image analysis
arameters  of  gain  and  compression  were  optimized.
ultiplanar  reconstruction  mode  was  used,  with  three  inde-
endent  orthogonal  cutting  planes.  Two  orthogonal  planes
ere  in  the  long  axis  of  the  left  ventricle.  The  third  plane
as  perpendicular  to  the  two  others  and  moved  at  the  inser-
ion  of  aortic  cusps  to  obtain  a  short-axis  2D  plane  of  the
ortic  annulus.  Care  was  taken  to  place  the  plane  exactly
t  the  insertion  of  the  leaﬂets,  as  recommended  [6].  Hor-
zontal  and  vertical  diameters  of  the  aortic  annulus  were
easured  in  both  end-diastole  and  mesosystole.  When  the
rthogonal  diameters  were  different,  the  largest  diameter
as  called  the  maximum  diameter  (Dmax)  and  the  small-
st  the  minimum  diameter  (Dmin)  (minor  and  major  axes)
Fig.  2).
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eproducibility
eal-time  3D-TTE  loop  acquisitions  were  performed  by  a  sin-
le  conﬁrmed  operator.  To  assess  interobserver  variability,
he  3D  dataset  was  analysed  off-line  by  a  second  indepen-
ent  operator  with  the  same  level  of  experience  of  QLab
oftware.  To  evaluate  intraobserver  variability,  the  ﬁrst
perator  did  the  measurements  twice,  on  different  days,
linded  to  the  previous  results.  Variability  was  not  estimated
or  the  2D  measurements.
tatistical analysis
aseline  characteristics  were  summarized  using  means
nd  standard  deviations  (SDs)  for  continuous  variables,
nd  numbers  and  percentages  for  categorical  variables.
irst,  Spearman’s  correlation  coefﬁcients  were  estimated  to
ssess  the  correlation  between  2D  and  3D  measurements
3D  horizontal  diameter,  3D  vertical  diameter,  3D  mini-
um  diameter  and  3D  maximum  diameter)  with  their  95%
onﬁdence  intervals  (CIs)  in  systole  and  diastole.  A  paired
tudent’s  t  test  was  used  to  compare  the  mean  difference
etween  the  2D  and  3D  measurements  after  the  assumptions
f  normality  of  the  dependent  variable  and  homogeneity  of
ariance  were  checked.  Second,  an  eccentricity  index  was
alculated,  expressed  as  the  difference  between  the  max-
mum  and  minimum  3D  diameters  divided  by  the  maximum
iameter  as  a  percentage  (Dmax—Dmin/Dmax),  to  assess  the
ortic  annular  geometry  in  systole  and  diastole.  Therefore,
n  eccentricity  index  of  zero  represents  a perfect  circle,
hile  a  progressively  higher  eccentricity  index  represents
 more  elliptical  geometry.  The  Bland-Altman  method  was
sed  to  further  investigate  the  differences  between  2D  and
D  measurements  in  systole  and  diastole  [7].  Third,  compar-
sons  between  systolic  and  diastolic  2D  and  3D  aortic  annulus
iameters  were  made  using  a  paired  Student’s  t  test,  after
he  assumptions  of  normality  of  the  dependent  variable  and
omogeneity  of  variance  were  checked.  The  Bland-Altman
ethod  was  used  to  further  investigate  the  differences
etween  systolic  and  diastolic  measurements.  Finally,  inter-
bserver  and  intraobserver  variabilities  were  investigated  by
alculating  an  intraclass  correlation  coefﬁcient  and  a  vari-
tion  coefﬁcient.  The  latter  was  calculated  as  the  absolute
ifference  between  two  measurements  divided  by  the  aver-
ge  of  the  two  measurements  as  a  percentage.  The  variation
oefﬁcient  was  calculated  as  the  mean  of  the  variation  coef-
cient  for  the  horizontal  and  vertical  diameters  in  diastole
nd  in  systole.  Statistical  difference  was  considered  as  sig-
iﬁcant  when  the  p  value  was  <  0.05.  Statistical  analysis  was
erformed  using  Stata® 11.2  software  (StataCorp  LP,  College
tation,  TX,  USA).
esults
opulation
hildren  were  referred  to  the  echocardiography  labora-
ory  for  investigation  of  a  cardiac  murmur  or  before
nticancerous  chemotherapy.  Mean  age  was  11  ±  3.6  years
range,  3.3—17.6  years);  mean  height  was  142.6  ±  22.2  cm;
ean  weight  was  37.8  ±  14.8  kg  (range,  14.2—64.0  kg);
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Figure 2. Measurement of aortic annulus diameters in real-time three-dimensional (3D) echocardiography using multiplanar review mode.
A. Parasternal long-axis view in real-time 3D echocardiography. B. View of the aortic root from the left ventricle; the anterior leaﬂet of the
mitral valve appears below the aortic valve. C. Multiplanar review mode of the 3D live acquisition with the three orthogonal cutting plans
at baseline: in the top left window, one plane (blue line) is parallel to the long axis of the ascending aorta; a second plane (red line) is
perpendicular to the previous line and set at the origin of the cusp to deﬁne the level of the aortic annulus; in the left bottom window, the
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Tthird plane (green plane) is perpendicular to the two others; in the
(D2) and vertical (D1) diameters measured from the short-axis view
mean  left  ventricular  shortening  fraction  was  35.4  ±  3.5%;
and  mean  end-diastole  left  ventricular  diameter  was
36.5  ±  7.1  mm/m2.
Feasibility and reproducibility
Aortic  annulus  diameter  measurement  was  feasible  in  2D
and  3D  in  all  30  patients  (100%,  95%  CI  95.4—100%).  The
coefﬁcients  of  variation  for  intraobserver  variability  were
3.3%  (95%  CI  1.7—4.9%)  and  5.4%  (95%  CI  2.3—8.5%)  for
the  horizontal  and  vertical  diameters,  respectively.  Inter-
observer  variability  was  6.8%  (95%  CI  3.4—10.1%)  and  5.3%
(95%  CI  2.3—8.2%)  for  the  horizontal  and  vertical  diameters,
respectively.  The  intraclass  correlation  coefﬁcient  was  0.91.
Comparison between 2D and 3D aortic annulus
diameters in systole
The  2D  and  3D  aortic  annulus  diameter  measurements  in
systole  are  reported  in  Table  1.  Comparisons  between  aortic
annulus  diameter  measurements  in  systole  are  summarized
in  Table  2,  as  well  as  Spearman’s  correlation  coefﬁcients
within  2D  and  3D  measurements.  Correlations  between  the
aortic  annulus  diameter  in  2D  and  the  maximum  and  min-
imum  diameters  in  3D  were  excellent  (r  =  0.92,  p  <  0.0001
and  r  =  0.88,  p  <  0.0001,  respectively).  The  correlation
coefﬁcients  between  2D  and  horizontal  or  vertical  diam-
eters  were  r  =  0.87  (p  <  0.0001)  and  r  =  0.90  (p  <  0.0001),
respectively.  However,  the  2D  aortic  annulus  diameter  in
d
a
s
cight window, a short-axis view of the aortic annulus. D. Horizontal
g zoom mode after multiplanar review.
ystole  was  signiﬁcantly  higher  than  the  minimum  diameter
btained  in  3D  (p  =  0.02)  and  signiﬁcantly  smaller  (p  =  0.005)
han  the  maximum  diameter  obtained  in  3D.  The  mean
ifference  between  the  2D  diameter  and  the  maximum
D  diameter  was  1.1  ±  0.8  mm  (95%  CI  0.8—1.4  mm).  The
ean  difference  between  the  maximum  and  the  minimum
iameters  of  the  aortic  annulus  was  1.3  ±  0.9  mm  (95%  CI
.9—1.6  mm;  p  <  0.001).  The  mean  eccentricity  index  in  sys-
ole  was  6.5  ±  4.1%  (95%  CI  4.9—8.1%).  However,  given  that
he  maximum  aortic  annulus  diameter  was  not  always  in
he  same  axis,  there  was  no  signiﬁcant  difference  between
he  mean  vertical  and  horizontal  diameters  (p  =  0.2).  This
act  is  illustrated  by  the  Bland-Altman  analysis  (Fig.  3A).
The  Bland-Altman  analysis  revealed  that  although  the
ean  difference  between  the  two  orthogonal  diameters  was
eak  (0.37  mm),  the  spectrum  of  difference  data  were  rel-
tively  wide  ranging,  from—1.96  SD  =  —3.3  mm  and  +1.96
D  =  +2.7  mm.  Moreover,  the  difference  between  the  two
iameters  was  not  related  to  the  size  of  the  annulus.
omparison between 2D and 3D aortic annulus
iameters in diastole
he  2D  and  3D  aortic  annulus  diameter  measurements  in
iastole  are  reported  in  Table  1.  Comparisons  between
ortic  annulus  diameters  measurements  in  diastole  are
ummarized  in  Table  3, as  well  as  Spearman’s  correlation
oefﬁcients  within  2D  and  3D  measurements.
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Table  1  Aortic  annulus  diameters  measured  by  two-  and  three-dimensional  transthoracic  echocardiography.
Aortic  annulus  diameter  Mean  (cm)  95%  CI  Minimum  (cm)  Maximum  (cm)
Systole
2D  1.94  1.83—2.06  1.44  2.39
3D  vertical  1.96  1.84—2.08  1.33  2.5
3D  horizontal  1.93  1.80—2.05  1.39  2.39
3D  minimum 1.88  1.76—2 1.33  2.39
3D  maximum 2.01 1.89—2.12 1.39 2.5
3D  mean 1.95 1.83—2.06 1.36 2.44
Diastole
2D  1.95  1.86—2.04  1.5  2.4
3D  vertical  1.95  1.85—2.06  1.43  2.47
3D  horizontal  1.99  1.88—2.1  1.46  2.62
3D  minimum  1.93  1.82—2.03  1.43  2.47
3D  maximum  2.01  1.90—2.12  1.47  2.62
3D  mean  1.97  1.86—2.08  1.45  2.54
2D: two-dimensional; 3D: three-dimensional; CI: conﬁdence interval.
Table  2  Comparison  of  two-dimensional  (2D)  and  three-dimensional  (3D)  measurements  in  systole.
2D  systole  3D  horizontal  3D  vertical  3D  minimum  3D  maximum
Corr.  t  test  (p)  Corr.  t  test  (p)  Corr.  t  test  (p)  Corr.  t  test  (p)  Corr.  t test  (p)
2D  systole  1
3D  horizontal  0.87a 0.44  1
3D  vertical  0.90a 0.57  0.88a 0.20  1
3D  minimum  0.88a 0.02  0.97a 0.001  0.95a 0.0001  1
3D  maximum  0.92a 0.005  0.94a 0.0001  0.97a 0.001  0.96a 0.0001  1
3S  mean  0.91a 0.94  0.92a 0.20  0.97a 0.20  0.99a 0.0001  0.99a 0.0001
Corr.: Spearman’s correlation coefﬁcient.
a Indicates p value ≤ 0.0001.
2
w
r
h
a
t
f
bCorrelations  between  the  aortic  annulus  diameter  in
D  and  the  maximum  and  minimum  diameters  in  3D
ere  good  (r  =  0.81,  p  <  0.0001  and  r  =  0.80,  p  <  0.0001,
espectively).  The  correlation  coefﬁcients  between  2D  and
orizontal  or  vertical  diameters  were  r  =  0.82  (p  <  0.0001)
nd  r  =  0.78  (p  <  0.0001).  The  mean  diameter  in  2D-TTE  and
a
m
m
Table  3  Comparison  of  two-dimensional  (2D)  and  three-dime
2D  diastole  3D  horizontal  3D
Corr.  t  test  (p)  Corr.  t  test  (p)  Co
2D  diastole  1
3D  horizontal  0.82a 0.96  1
3D  vertical  0.78a 0.28  0.93a 0.09  1
3D  minimum  0.80a 0.44  0.97a 0.0001  0.9
3D  maximum  0.81a 0.06  0.98a 0.01  0.9
3S  mean  0.81a 0.56  0.98a 0.09  0.9
Corr.: Spearman’s correlation coefﬁcient.
a Indicates p value ≤ 0.0001.he  minimum  diameter  in  3D-TTE  were  not  signiﬁcantly  dif-
erent  (p  =  0.44).  The  mean  diameter  in  2D-TTE  tended  to
e  smaller  than  the  maximum  diameter  obtained  in  3D-TTE,
lthough  the  difference  was  not  signiﬁcant  (p  =  0.06).  The
aximum  and  the  minimum  diameters  of  the  aortic  annulus
easured  by  real-time  3D-TTE  were  signiﬁcantly  different
nsional  (3D)  measurements  in  diastole.
 vertical  3D  minimum  3D  maximum
rr.  t  test  (p)  Corr.  t  test  (p)  Corr.  t test  (p)
8a 0.01  1
7a 0.0001  0.97a 0.0001  1
8a 0.09  0.99a 0.0001  0.99a 0.0001
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Figure 3. Bland-Altman analysis displaying the difference
between the two orthogonal three-dimensional (3D) diameters (y-
axis) related to the mean of the size of the aortic annulus (x-axis) in
Figure 4. Box-plot displaying two-dimensional (2D) and three-
dimensional (3D) aortic annulus measurements in diastole and in
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(p  <  0.001).  The  mean  difference  between  the  two  measure-
ments  was  0.8  ±  0.7  mm  (95%  CI  0.6—1.1  mm).  The  mean
eccentricity  index  was  4  ±  3%  (95%  CI  3—5%).  However,  given
that  the  maximum  aortic  annulus  diameter  was  not  always  in
the  same  axis,  there  was  no  signiﬁcant  difference  between
the  mean  vertical  and  horizontal  diameters  (p  =  0.09).  This
fact  is  illustrated  by  the  Bland-Altman  analysis  (Fig.  3B).
The  Bland-Altman  analysis  revealed  that  although  the
mean  difference  between  the  two  orthogonal  diameters  was
weak  (0.33  mm),  the  spectrum  of  difference  data  were  rel-
atively  wide,  ranging  from  −1.96  SD  =  −1.73  mm  and  +1.96
SD  =  +2.39  mm.  Moreover,  the  difference  between  the  two
diameters  was  not  related  to  the  size  of  the  annulus.
Comparison between systolic and diastolic
aortic annulus diameters measured by 2D- and
3D-TTEThe  systolic  and  diastolic  aortic  annulus  diameter  measure-
ments  are  reported  in  Table  1.  Comparisons  between  aortic
annulus  diameters  measurements  in  systole  and  diastole  are
i
l
t
oystole. Systolic and diastolic values were compared by paired t
est analysis.
ummarized  in  Fig.  4.  The  differences  between  diastolic
nd  systolic  mean  aortic  annulus  diameters  measured  by
D-TTE  or  3D-TTE  were  not  signiﬁcant.  Bland-Altman  analy-
is  revealed  that  differences  between  systolic  and  diastolic
iameters  extended  from  −1.96  SD  =  −2.39  mm  to  +1.96
D  =  1.19  mm  for  the  horizontal  diameter  (Fig.  5A)  and  from
1.96  SD  =  −2.96  mm  to  +1.96  SD  =  +4.88  mm  for  the  vertical
iameter  (Fig.  5B).  Moreover,  the  difference  between  the
ystolic  and  diastolic  diameters  did  not  seem  to  be  related
o  the  size  of  the  annulus.
iscussion
n  this  study,  we  demonstrated  that  real-time  3D  echocardi-
graphy  is  a feasible  method  for  assessing  the  aortic  annulus
iameter  in  children.  Aortic  annulus  diameters  measured  in
D  and  3D  were  well  correlated.  The  method  appeared  to
e  reproducible,  with  good  intra-  and  interobserver  agree-
ent.  Real-time  3D  mode  was  preferred  to  3D  full  volume
can,  given  that  it  is  less  time  consuming  and  does  not
equire  multiple  cardiac  cycles  for  image  acquisition.  3D
ull  volume  scan  is  always  difﬁcult  to  obtain  without  motion
rtefact  in  children.  Our  results  support  the  ﬁndings  of  previ-
us  studies,  conﬁrming  the  value  of  3D  echocardiography  in
he  assessment  of  the  aortic  root  in  children  and  adults.  The
sefulness  of  3D  echocardiography  for  classiﬁcation  of  the
icuspid  aortic  valve  has  been  underlined  previously  in  chil-
ren  [8].  Goland  et  al.  estimated  the  aortic  valve  area  with
ood  accuracy  and  reproducibility  in  patients  with  severe
ortic  stenosis,  using  3D-guided  and  real-time  3D  echocar-
iography  [9].  A  recent  study  in  a  population  of  adults  with
ortic  stenosis  showed  that  3D  transoesophageal  echocardi-
graphy  was  an  accurate  method  for  evaluating  aortic  root
eometry  and  should  be  considered  as  a  non-invasive  no  radi-
tion  alternative  to  multidetector  computed  tomography
10]. Real-time  3D-TTE  has  also  been  reported  to  give  accu-
ate  information  about  valvular  dimensions  and  morphology
n  congenital  bicuspid  aortic  valve,  with  an  excellent  corre-
ation  with  surgical  assessment  [11].  These  ﬁndings  suggest
hat  this  technique  can  be  used  routinely  in  the  assessment
f  the  aortic  valve  in  children.
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Figure 5. Bland-Altman analysis displaying the difference
between the three-dimensional (3D) systolic and diastolic diame-
ters (y-axis) related to the mean size of the aortic annulus (x-axis)
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diameter  obtained  from  3D  echocardiography  with  multi-or the horizontal diameter (A) and the vertical diameter (B). diam.:
iameter; SD: standard deviation.
Moreover,  3D  echocardiography  provides  new  information
bout  the  shape  of  the  aortic  annulus.  In  our  study,  the
ong-axis  and  short-axis  annulus  diameters  were  signiﬁcantly
ifferent  in  both  systole  and  diastole,  even  if  the  differ-
nce  was  weak  (0.8  ±  0.7  mm  in  diastole  and  1.3  ±  0.9  mm
n  systole).  These  results  demonstrate  that  the  shape  of  the
ortic  annulus  is  not  perfectly  round  but  tends  to  be  oval.
oreover  the  asymmetry  of  the  annulus  was  not  always  in
he  same  axis.  Several  multidetectors  computed  tomogra-
hy  studies  in  adults  with  acquired  aortic  stenosis  have  also
hown  that  the  aortic  annulus  is  not  round  but  oval  [12,13];
ut  our  study  is  the  ﬁrst,  to  our  knowledge,  to  show  the
ccentricity  of  the  aortic  annulus  in  children.  Therefore,
he  asymmetry  of  aortic  valve  annulus  may  not  be  related
o  aortic  valve  abnormalities  but  may  also  pre-exist  in  young
ealthy  children.
Given  the  asymmetric  geometry  of  the  aortic  annulus,
D-TTE  often  underestimates  the  aortic  annulus  diameter
2].  We  also  observed  in  our  study  that  the  maximum
iameter  in  3D  was  signiﬁcantly  larger  than  the  2D  diameter
n  systole.  In  diastole,  maybe  because  of  our  small  sample
p
a
eR.  Martin  et  al.
ize,  the  difference  did  not  reach  signiﬁcance.  A  3D  imaging
echnique,  such  as  real-time  3D-TTE,  provides  a  more
ccurate  evaluation  by  integrating  global  comprehension
f  aortic  root  geometry  with  good  image  plane  orientation
nd  the  possibility  of  doing  measurements  in  multiple  axes
14—16].  Using  3D  echocardiography,  the  left  ventricular
utﬂow  tract  has  also  been  described  as  elliptical  in  a
ohort  of  healthy  adults  [17].
There  were  no  signiﬁcant  differences  between  the  mean
ortic  annulus  diameter  measured  in  diastole  and  in  systole.
owever  individual  variations  were  high.  Our  ﬁndings  are  in
greement  with  a  previous  tomography  study  in  a  healthy
opulation  [18]. Because  of  the  lack  of  research  into  this
ubject,  it  is  a  real  challenge  to  provide  an  accurate  expla-
ation.  We  suggest  that  the  complex  anatomy  of  the  aortic
nnulus,  composed  of  a  ﬁbrous  wall  in  continuity  with  the
itral  valve  and  a  muscular  and  membranous  wall,  may
xplain  this  important  variability  [15,16].
Our  study  has  several  limitations.  First,  our  measures
ere  not  compared  with  a  gold  standard.  However  no
xamination  has  been  validated  as  a  gold  standard  for
he  assessment  of  the  aortic  annulus  diameter.  Tomo-
raphy  seems  an  interesting  examination,  given  the  high
patial  resolution.  In  a  previous  study  in  adults,  aortic
nnular  dimensions  were  underestimated  by  2D  and  3D
ransesophageal  echocardiography  compared  with  tomogra-
hy  [13].  The  role  of  cardiac  magnetic  resonance  imaging  is
ot  well  deﬁned.  A  previous  study  compared  the  accuracy  of
nnulus  aortic  measurements  obtained  from  3D  echocardi-
graphy,  tomography  and  cardiac  magnetic  resonance  in  vivo
nd  in  vitro  [19]. The  results  showed  that  cardiac  magnetic
esonance  was  the  most  accurate  method  for  the  in  vitro
odel.  It  would  be  interesting  to  compare  aortic  annulus
iameters  measured  by  these  different  techniques  in  chil-
ren.  In  our  study,  however,  this  was  not  done  for  ethical
easons.  Tomography  requires  X-rays  and  cardiac  magnetic
esonance  imaging  often  requires  general  anaesthesia  in
oung  children.  In  our  study,  the  children  had  normal  aortic
alves.  It  would  be  interesting  to  assess  if  our  results  could
e  extended  to  patients  with  bicuspid  aortic  valve  and/or
ortic  valvular  stenosis.
Balloon  aortic  valvuloplasty  is  considered  as  a  good  alter-
ative  to  surgical  valvotomy  in  severe  congenital  aortic
tenosis  [20,21].  The  main  risk  of  the  procedure  is  the
ccurrence  of  aortic  regurgitation.  Previous  studies  sug-
ested  the  need  for  an  adequate  ratio  of  balloon/aortic
nnulus  diameter  to  limit  the  degree  of  aortic  regurgita-
ion  [22]. Aortic  regurgitation  may  occur  with  an  oversized
alloon,  whereas  residual  stenosis  may  occur  with  an
ndersized  balloon.  An  echocardiographical  study  has  also
escribed  the  usefulness  of  continuous  2D  echocardiography
uidance  during  the  balloon  aortic  valvuloplasty  proce-
ure,  to  limit  ﬂuoroscopy  time  and  the  degree  of  aortic
egurgitation  [23].  Moreover,  minimizing  radiation  doses  in
hildren  is  of  great  importance  because  of  their  higher  tis-
ue  radiosensivity  [24]. A  recent  study  compared,  during
alloon  aortic  valvuloplasty,  the  aortic  annulus  diame-
er  measured  by  2D  echocardiography  with  the  maximumlanar  reconstruction  and  the  maximum  diameter  from  two
ngiographical  incidences  [3].  The  results  showed  that  2D
chocardiography  measurements  were  signiﬁcantly  smaller
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than  3D  and  angiographical  measurements.  This  under-
lines  the  accuracy  of  3D  in  the  quantitative  assessment
of  the  aortic  annulus.  As  a  supplement  to  angiographi-
cal  measurements,  3D  echocardiography  with  multiplanar
reconstruction  may  reduce  the  tendency  to  undersize
balloon  choice.  Due  to  the  asymmetry  of  the  aortic  annu-
lus,  real-time  3D  echocardiography  may  better  capture
its  geometry  and  has  to  be  considered  as  an  additional
technique  for  a  multimodal  assessment  of  the  aortic
root.
Adequate  assessment  of  the  aortic  annulus  diameter  has
other  implications  in  surgery.  The  Ross  procedure  requires
preoperative  sizing  of  the  annulus  and  good  visualization  of
the  aortic  morphology  [25,26].  Surgical  aortic  valve  repair
also  requires  the  accurate  measurement  of  aortic  root
dimensions  to  guide  prosthesis  selection,  size  and  design.
Conclusions
This  study  shows  the  feasibility  and  reproducibility  of  real-
time  3D-TTE  in  the  measurement  of  the  aortic  annulus
diameter.  We  also  demonstrate  for  the  ﬁrst  time  in  a
standard  paediatric  population,  mild  but  signiﬁcant  eccen-
tricity  of  the  aortic  annulus.  Real-time  3D  echocardiography
provides  morphological  but  also  quantitative  information  for
the  assessment  of  the  aortic  valve.  Measurement  of  the
asymmetry  of  the  annulus  may  be  recommended  before  per-
cutaneous  balloon  valvoplasty  or  surgical  valve  repair.
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